We compared the infection of bone marrow macrophages by the DA and GDVII strains of Theiler's virus and by two viruses constructed by exchanging the DA and GDVII capsids. The replication of the GDVII strain and of both chimeric viruses was restricted in macrophages. Therefore, the infection of macrophages requires both capsid and noncapsid viral determinants.
The DA strain of Theiler's murine encephalomyelitis virus (TMEV) causes a biphasic disease of the central nervous system (11) . During the first phase TMEV infects neurons, causing an acute encephalomyelitis, whereas during the second phase it infects mainly macrophages and microglia (5, 14, 20) , and also oligodendrocytes and astrocytes (1) , in the white matter of the spinal cord. This second phase persists for life and causes primary demyelination, which is studied as a model for multiple sclerosis. In contrast, the GDVII strain kills most mice during the acute phase and does not persist or induce demyelination (10) . Attenuated GDVII mutants do not persist, indicating that attenuation and persistence are distinct phenotypes (9, 13) .
DA virus persistence has been shown, by using mutant and recombinant viruses, to be linked to capsid and noncapsid determinants (12) . One of the noncapsid determinants might be L‫,ء‬ a nonstructural protein expressed only by persistent strains (18, 19, 21, 22) . However, the relative importance of capsid and noncapsid determinants for the infection of macrophages, the main reservoir during persistence, has not been studied in detail. In a previous publication, our investigators described infection by the DA strain of macrophages derived from the bone marrow of SJL/J mice (16) . Because these cells come from a mouse strain susceptible to persistent infection and are not immortalized, they are an advantageous alternative to macrophage-like cell lines. In the present work, we infected them with the DA and GDVII viruses and with two chimeric viruses obtained by exchanging the capsid coding regions of these two viruses.
The replication of GDVII virus is restricted in macrophage primary cultures. Bone marrow-derived macrophages were prepared from 8-to 9-week-old female SJL/J mice as described elsewhere (16) . Briefly, red blood cell-depleted bone marrow cells were grown in RPMI 1640, 10% fetal bovine serum (FBS), and 10% L929 cell-conditioned medium as a source of macrophage colony-stimulating factor. After 6 days, clusters of nonadherent cells were harvested, and 2 ϫ 10 5 cells were plated on 12-mm-diameter glass coverslips and incubated in RPMI 1640 medium, 10% FBS, and 2.5% L929-conditioned medium. After at least 24 h, each coverslip was washed with medium without serum, incubated for 2 h at 37°C with 10 6 PFU of virus, washed three times with warm medium, and then incubated with 500 l of RPMI 1640, 2% FBS, and 2.5% L929-conditioned medium. Virus infectivity was measured in the medium by a standard plaque assay on BHK-21 cells. Figure 1 shows that the titer of DA virus increased about 10-fold between 10 and 24 h postinfection (p.i.) and then declined. The GDVII titers were considerably lower. We suspect that part of this infectivity corresponded to residual input virus, since similar titers were detected as early as 5 h p.i. (data not shown). The restricted expression of GDVII virus is striking, since in BHK-21 cells and in primary cultures of neurons its yield is 5 to 10 times higher than that of the DA or BeAn virus (8; I. Mena, unpublished observations).
The cells on the coverslips were fixed in 4% paraformaldehyde (PFA), washed in phosphate-buffered saline (PBS), treated for 5 min with 0.1% Triton X-100 in PBS, and then blocked in 10% normal goat serum. Viral antigens were detected with a rabbit polyclonal serum (2) and fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit immunoglobulin (Jackson Immuno-Research Laboratories). Cell nuclei were counterstained with 0.2 M ethidium homodimer 1 (Sigma-Aldrich). The slides were examined with a Zeiss Axioplan 2 microscope equipped with a Coolsnap HQ charge-coupled device camera, and the images were acquired by using Simple PCI software (Hamamatsu). A minimum of 5,000 cells from at least 10 individual microscopic fields from four independent experiments were examined. More than 6% of the macrophages contained DA antigens 10 h p.i., whereas this value was 3% for the GDVII virus (Table 1 ; Fig. 2 ). The percentage of DA antigen-positive macrophages increased between 10 and 24 h p.i. (P Ͻ 0.005), whereas that of GDVII-positive cells did not. The intracellular distribution of DA antigens changed with time ( Fig. 2) (16) . At 10 h p.i., DA virus fluorescence was intense and uniformly distributed throughout the cytoplasm, whereas at 24 h p.i. and later, viral antigens often formed cytoplasmic inclusions or showed a punctate pattern. Interestingly, this dichotomy has been described in macrophages in vivo during persistent infection (4, 14) . GDVII antigens, on the other hand, gave only a weak and punctate fluorescence.
The ability to infect macrophages is due to both capsid and noncapsid determinants. Viruses R2 and R3 were obtained by exchanging an AatII/AatII restriction fragment, containing the entire capsid coding region and small parts of the flanking regions, between the DA and GDVII infectious cDNA ( Fig. 3 ) (17) . The 5Ј crossover point of these chimera is located 122
Detection of viral capsid antigens by immunofluorescence. Cell nuclei were counterstained with ethidium homodimer 1 (red). A representative field, observed at an original magnification of 25ϫ, is shown for each viral strain. One representative infected cell, identified by a white arrow, is shown at higher magnification (ϫ63) in the upper left quadrant to show the difference in intracellular distribution of the viral capsid proteins. Longer exposure times were needed to photograph the R2-and GDVII-infected samples; therefore, fluorescence intensities cannot be compared directly. Fig. 1 and 2 ). Virus R2 had essentially the same phenotype as virus GDVII, whereas the phenotype of virus R3 was intermediate between that of its parental viruses. The titers of viruses R3 and DA increased significantly between 10 and 24 h (P Ͻ 0.005), whereas there was no increase for viruses R2 and GDVII. At 24 h p.i., the yield of virus R3 was lower than that of virus DA but higher than those of viruses R2 and GDVII (P Ͻ 0.005). Immunofluorescence results were consistent with these data (Table 1 ; Fig.  2 ). Ten percent and 5% of the cells were positive for DA and R3 viral antigens, respectively, at the peak of virus production, whereas the percentages were lower for viruses GDVII and R2 at all times examined. DA and R3 antigens had a uniform, intense, fluorescence pattern at early times and a punctate distribution later on. In contrast, GDVII and R2 antigens showed only the punctate pattern. Flow cytometric analysis of macrophage permissiveness to viral replication. The expression of capsid antigens was quantified by flow cytometry. Single-cell suspensions of infected macrophages were obtained using Dispase II (Roche) (15) , fixed in 4% PFA, incubated in PBS, 0.5% saponin, and 0.5% normal goat serum, and then reacted with the anti-TMEV polyclonal rabbit serum and a biotin-conjugated rat monoclonal antibody against the CD11b macrophage marker (Pharmingen). FITC-conjugated goat anti-rabbit immunoglobulin (Jackson Immuno-Research Laboratories) and streptavidinCyChrome (Pharmingen) were used as secondary reagents. More than 99% of the cells expressed CD11b. BHK-21 cells, a control, were entirely CD11b negative (Fig. 4) . DA and R3 viral antigens were expressed by 15.4 and 10.9% of the cells, respectively, while GDVII and R2 antigens were expressed by less than 1% of the cells. The mean fluorescence intensity per positive cell was higher for R3 virus than for DA virus. Therefore, although the percentage of infected cells and the viral yield were lower for virus R3 than for virus DA, on a single-cell basis, the expression of capsid protein was similar for both viruses or even higher for virus R3.
DA and GDVII viruses bind to macrophages with similar efficiency. These results suggested that both capsid and noncapsid determinants are important for the infection of SJL/J macrophages. We examined the role of the capsid more directly by comparing the binding of the viruses to macrophages. Single-cell suspensions of bone marrow-derived macrophages were incubated for 1 h at 4°C with 100 PFU of virus/cell, washed with ice-cold PBS, and fixed in 4% PFA. Bound virus was detected by flow cytometry as described above, but without permeabilization of the cells. Figure 5 shows that the DA and GDVII viruses bound equally well to macrophages. Similar results were obtained for the R2 and R3 viruses (data not shown). Binding to BHK-21 cells was the same for the four viruses (data not shown). Therefore, restricted expression of the GDVII and R3 viruses in macrophages is not due to poor attachment to the cells. This is congruent with the observations reported above, which suggest that noncapsid determinants contribute more to the infection of macrophages than capsid determinants.
Neutralizing the alpha/beta interferon response does not overcome the restricted replication of the GDVII, R2, and R3 viruses. The L protein of DA virus inhibits the production of ␣4 and ␤ interferons (23) . L is the most polymorphic gene between the DA and GDVII viruses, and we do not know if the L protein of GD VII virus has an anti-interferon activity. Therefore, we examined if restricted replication of viruses GD-VII, R2, and R3 (which have hybrid L genes) in macrophages could be due to inefficient inhibition of interferon production by their L proteins. Macrophages were infected with the different viruses and washed three times, and a 1:50 or 1:500 Gresser, Institut Curie, Paris, France) was added to the medium. Viral yields were measured 24 h p.i., at the peak of virus production. For the four viruses, the presence of the antibody increased the titer in a dose-dependent manner (Fig. 6 ). Neutralizing interferon did not change the ratios between the infectivity titers produced by each strain. Therefore, the production of interferon and/or the susceptibility to interferon was similar for the four viruses. The more-restricted yields of viruses GD VII, R2, and R3 are not explained by an increased sensitivity to the interferon response.
R2 virus does not infect macrophages efficiently in vivo.
Virus DA persists in vivo in macrophages. Virus R2, which bears the DA capsid but lacks L‫,ء‬ also persists in vivo although it infects macrophages inefficiently in vitro. Therefore, we asked whether the R2 virus persists in macrophages or in another central nervous system cell type. Groups of five SJL/J mice were inoculated intracerebrally with 5 ϫ 10 4 or 5 ϫ 10 5 PFU of either DA or R2 virus and sacrificed 45 days later. The mice were perfused with PBS followed by 2% PFA. The spinal cords were dissected, postfixed in 4% PFA, and incubated in 15% sucrose overnight. Tissue blocks were snap-frozen and cut on a cryostat to perform immunofluorescence. CD11b was detected with a rat monoclonal antibody and a Cy3-coupled secondary antibody. Viral capsid antigens were detected with a rabbit polyclonal serum and a goat anti-rabbit antibody coupled to Alexa 488. Figure 7 illustrates the two patterns of intracellular viral antigen (TMEV hi and TMEV lo ) observed. TMEV hi corresponds to cells with intense diffuse fluorescence, and TMEV lo corresponds to cells with faint punctate fluorescence. Both patterns have already been observed in vivo (4, 14) as well as in primary bone marrow macrophages in vitro (ref- erence 16 and this study) . The sections were scanned systematically, and virus-positive cells were recorded for their CD11b ϩ or CD11b Ϫ phenotype and their TMEV hi or TMEV lo phenotype. The number of infected cells was much larger in DA-infected mice than in R2-infected mice. Table 2 shows that virus R2 persisted mainly in macrophages, almost all of them (97%) with a TMEV lo phenotype, whereas DA virus persisted in macrophages with either a TMEV lo (44%) or a TMEV hi (56%) phenotype. Therefore, both viruses persisted in macrophages, but the number of infected macrophages and the level FIG. 6 . Effect of alpha/beta interferon neutralization on viral yield. Macrophages were infected with the four viral strains. After washing the inoculum, the medium was replaced with 400 l of medium containing the indicated dilutions of neutralizing anti-alpha/beta interferon antibody. The medium was harvested 24 h p.i., and the infectivity was measured by plaque assay. Each point represents the mean and standard error of the mean of five individual samples from two independent experiments. of expression of viral antigen per macrophage were much lower for virus R2 than for virus DA. Figure 5 shows that the DA and GDVII strains bind equally well to macrophages. A similar result was reported for the binding of the BeAn and GDVII strains to the macrophagederived P388D1 line (6) . DA and R2 viruses, which have the same capsid, gave the highest and the lowest yields, respectively, of infectivity in macrophages (Fig. 1) . Therefore, the capsid does not seem to play an essential role in the tropism of DA virus for macrophages. This contrasts with its major role in tropism for neurons and in in vivo neurovirulence (3, 7, 17) . On the other hand, our results corroborate the notion that the L‫ء‬ protein is important for the infection of macrophages, since the DA and R3 viruses, which express L‫,ء‬ replicated in macrophages better than the GDVII and R2 viruses, which lack the L‫ء‬ AUG (Fig. 4) . Interestingly, virus R3, whose yield is lower that that of DA virus, has a chimeric L‫.ء‬ The titers produced by viruses R2 and R3 did not add up to the yield of DA virus, suggesting capsid and noncapsid determinants interact to give DA virus its full phenotype. We found that, although it lacks L‫,ء‬ virus R2 persists in vivo in macrophages. However, the number of infected macrophages and the level of capsid expression in these cells were much lower than for virus DA ( Fig.  7 ; Table 2 ). Therefore, our results confirm that infecting macrophages is important for TMEV's persistence and that L‫ء‬ plays a role in this phenotype, both in vitro and in vivo.
In summary, we showed that the replication of strain GDVII is highly impaired in bone marrow-derived macrophages compared to that of strain DA. The results obtained with two chimeric viruses suggest that genetic determinants in the capsid and the noncapsid regions must coexist in the viral genome to allow efficient infection of SJL/J macrophages and that protein L‫ء‬ has an important role in this phenotype.
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